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1
SEMICONDUCTOR DEVICE

PRIORITY CLAIM AND CROSS-REFERENC.

L1

This application 1s a divisional application of U.S. patent
application Ser. No. 16/166,608, filed Oct. 22, 2018, now

U.S. Pat. No. 10,804,180, 1ssued Oct. 13, 2020, which
claims priority of U.S. Provisional Application Ser. No.
62/593,148, filed on Nov. 30, 2017, the entirety of which 1s
incorporated by reference herein 1n their entireties.

BACKGROUND

Manufacturing of an integrated circuit (IC) has been
driven by increasing the density of the IC formed in a
semiconductor device. This 1s accomplished by implement-
ing more aggressive design rules to allow a larger density of
the IC device to be formed. Nonetheless, the increased
density of IC devices, such as transistors, has also increased
the complexity of processing semiconductor devices with
decreased feature sizes.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice 1n the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarty of
discussion.

FIG. 1 1s a flowchart of a method for manufacturing a
semiconductor device in accordance with some embodi-
ments of the present disclosure;

FIGS. 2-7 1llustrate a method of forming a semiconductor
device 1n accordance with some embodiments of the present
disclosure:

FIG. 8 1s a graph plotting thermal resistance versus
thermal via density according to some embodiments of the
present disclosure;

FIG. 9 1s a graph plotting junction temperature versus
thermal via density according to some embodiments of the
present disclosure;

FIG. 10 1s a flowchart of a method for manufacturing a
semiconductor device m accordance with some embodi-
ments of the present disclosure;

FIGS. 11-19 illustrate a method of forming a semicon-
ductor device 1n accordance with some embodiments of the
present disclosure;

FIG. 20 1s a graph plotting junction temperature versus
line along fin pitch according to some embodiments of the
present disclosure; and

FIGS. 21-26 illustrate a method of forming a semicon-
ductor device 1n accordance with some embodiments of the
present disclosure.

DETAILED DESCRIPTION

The {following disclosure provides many diflerent
embodiments, or examples, for implementing different fea-
tures of the provided subject matter. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments 1n
which the first and second features are formed i1n direct

5

10

15

20

25

30

35

40

45

50

55

60

65

2

contact, and may also include embodiments 1in which addi-
tional features may be formed between the first and second
features, such that the first and second features may not be
in direct contact. In addition, the present disclosure may
repeat reference numerals and/or letters in the various
examples. This repetition 1s for the purpose of simplicity and
clarity and does not in itsell dictate a relationship between
the various embodiments and/or configurations discussed.

Furthermore, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper’ and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated 1n the figures. The spatially relative terms are
intended to encompass different orientations of the device 1in
use or operation 1n addition to the orientation depicted 1n the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

FIG. 1 1s a flowchart of a method for manufacturing a
semiconductor device 1n accordance with some embodi-
ments ol the present disclosure. FIGS. 2-7 illustrate a
method of forming a semiconductor device 100 in accor-
dance with some embodiments of the present disclosure. The
method begins with block S101 1n which a second ILD layer
132 and metal lines 136 are formed over a first ILD layer 106
covering devices such as transistors, diodes or capacitors (as
shown 1n FIG. 2). The method continues with block S102 1n
which a third ILD layer 138 1s formed over the second ILD
layer 132 and the metal lines 136 (as shown in FIG. 3). The
method continues with block S103 in which via holes
140A-140C 1s formed 1n the third ILD layer 138 and a
thermally-conductive layer 142 1s form to overfill the via
holes 140A-140C (as shown in FIG. 4). The method con-
tinues with block S104 in which the thermally-conductive
layer 142 1s planarized to form thermal vias 144, 146, 148
in the third ILD layer 138 (as shown in FIG. §). The method
continues with block S105 1n which a fourth ILD layer 150
1s Tormed over the third ILD layer 138 (as shown in FIG. 5).
The method continues with block S106 in which electrical
vias 152 and metal lines 154 are respectively formed 1n the
third ILD layer 138 and the fourth ILD layer 150 (as shown
in FIGS. 6 and 7).

Reference 1s made to FIG. 2. Source/drain regions 114
and gate structures 104 are formed on a substrate 102 to
serve as transistors. A first interlayer dielectric (ILD) layer
106 15 formed over the source/drain regions 114 and the gate
structures 104. A second ILD layer 132 1s formed over the
first ILD layer 106, and metal lines 136 are formed in the
second ILD layer 132.

In some embodiments, the substrate 102 includes a silicon
substrate. In some alternative embodiments, the substrate
102 1s made of some other suitable elemental semiconduc-
tor, such as diamond or germanium; a suitable compound
semiconductor, such as gallium arsenide, silicon carbide,
indium arsenide, or mdium phosphide; or a suitable alloy
semiconductor, such as silicon germanium carbide, gallium
arsenic phosphide, or gallium indium phosphide. In some
embodiments, the substrate 102 further includes other fea-
tures such as various doped regions, a buried layer, and/or an
epitaxy layer. Furthermore, in some embodiments, the sub-
strate 102 may be a semiconductor on insulator such as
silicon on insulator (SOI) or silicon on sapphire. In some
embodiments, the substrate 102 1includes a doped epi1 layer,
a gradient semiconductor layer, and/or may further include
a semiconductor layer overlying another semiconductor
layer of a different type such as a silicon layer on a silicon
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germanium layer. In some embodiments, the substrate 102
includes a multilayer silicon structure or a multilayer com-
pound semiconductor structure.

In some embodiments, the substrate 102 further includes
active regions having various doping configurations. In
some embodiments, the active regions are doped with p-type
or n-type dopants. For example, the active regions are doped
with p-type dopants, such as boron or BF,; n-type dopants,
such as phosphorus or arsenic; and/or combinations thereof.
In some embodiments, the active regions are configured for
an N-type metal-oxide-semiconductor field effect transistor
(referred to as an NMOSFET), or alternatively configured
for a P-type metal-oxide-semiconductor field eflect transis-
tor (referred to as a PMOSFET).

The gate structure 104 includes a gate dielectric layer 108
and a gate electrode 110. The gate dielectric layer 108 1s
formed over the substrate 102 and the gate electrode 110 1s
tformed over the gate dielectric layer 108.

In some embodiments, the gate diclectric layer 108
includes a silicon oxide, silicon oxynitride, or high-k dielec-
tric material. A high-k dielectric material 1s defined as a
dielectric material with a dielectric constant greater than that
of S10,, and the high-k dielectric material includes metal
oxide. In some embodiments, the metal oxide 1s selected
from the group consisting of oxides of L1, Be, Mg, Ca, Sr,
Sc, Y, Zr, Hi, Al, La, Ce, Pr, Nd, Sm, FEu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, or mixtures thereof. In some embodiments,
the gate dielectric layer 108 1s formed by using a suitable
deposition process, such as a chemical vapor deposition
(CVD) process or an atomic layer deposition (ALD) process.
In some embodiments, the gate dielectric layer 108 further
includes an interfacial layer (not illustrated) to mimmize
stress between the gate dielectric layer 108 and the substrate
102. In some embodiments, the interfacial layer 1s formed of
silicon oxide or silicon oxynitride grown by a thermal
oxidation process. For example, the interfacial layer can be
grown by a rapid thermal oxidation (RTO) process or 1n an
annealing process comprising oxygen.

In some embodiments, the gate electrode layer 110
includes a single layer or multilayer structure. In some
embodiments, the gate electrode layer 110 includes poly-
silicon. Furthermore, the gate electrode layer 110 may be
doped poly-silicon with the uniform or gradient doping. In
some embodiments, the gate electrode layer 110 1s formed
by using a low-pressure CVD (LPCVD) process. In some
other embodiments, the gate electrode layer 110 1s a metal
gate.

In some embodiments, at least one pair of spacers 112 1s
tormed on sidewalls of at least one of the gate structures 104,
in which the spacers 112 are formed of silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, fluoride-doped
silicate glass (FSG), a low k dielectric material, and/or
combinations thereof. In some embodiments, at least one of
the spacers 112 may have a multiple-layers structure, for
example, mcluding one or more liner layers.

In some embodiments, epitaxial source/drain (S/D) fea-
tures 114 are formed in the substrate 102. The epitaxial S/D
features 114 may be formed using one or more epitaxy or
epitaxial (ep1) processes, such that S1 features, S1Ge features,
silicon phosphate (S1P) features, silicon carbide (51C) fea-
tures and/or other suitable features can be formed m a
crystalline state. In some embodiments, lattice constants of
the epitaxial S/D features 114 are diflerent from that of the
substrate 102, so that a channel region between the epitaxial
S/D features 114 can be strained or stressed by the epitaxial
S/D features 114 to improve carrier mobility of the semi-
conductor device 100 and enhance the device performance.
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The epitaxy process includes CVD deposition techniques
(e.g., vapor-phase epitaxy (VPE) and/or ultra-high vacuum
CVD (UHV-CVD)), molecular beam epitaxy, and/or other
suitable processes. The epitaxy process may use gaseous
and/or liqud precursors, which interact with the composi-
tion of the substrate 102 (e.g., silicon, silicon germanium,
silicon phosphate, or the like). The epitaxial S/D features
114 may be 1n-situ doped. The doping species include p-type
dopants, such as boron or BF,; n-type dopants, such as
phosphorus or arsenic; and/or other suitable dopants 1nclud-
ing combinations thereof. I the epitaxial S/D features 114
are not 1n-situ doped, an 1implantation process 1s performed
to dope the epitaxial S/D features 114. One or more anneal-
Ing processes may be performed to activate the epitaxial S/D
teatures 114. The annealing processes 1include rapid thermal
annealing (RTA) and/or laser annealing processes.

In some embodiments, an 1solation region (not shown) 1s
formed 1n the substrate 102 to isolate the various active
regions ol the substrate 102. The isolation regions may
utilize 1solation technology, such as local oxidation of sili-
con (LOCOS) or shallow trench 1solation (ST1) region, to
define and electrically 1solate the various active regions of
the substrate 102. In some embodiments, at least one of the
isolation regions serves as a STI region. The 1solation
regions include silicon oxide, silicon nitride, silicon oxyni-
tride, fluoride-doped silicate glass (FSG), a low-K dielectric
material, other suitable materials, or combinations thereof.

In some embodiments, the first ILD layer 106 1s a
multilayer dielectric structure. If a gate-last approach 1s
employed, formation of the first ILD layer 106 includes, for
example, depositing an I1L.D-0 layer over dummy gates (e.g.,
made of polysilicon), performing a chemical mechanical
polish (CMP) process to the ILD-0 layer until reaching the
dummy gates, replacing the dummy gates with metal gates
104, and depositing an ILD-1 layer over the ILD-0 layer and
the metal gates 104. The ILD-0 and ILD-1 layers are in
combination referred to as the first ILD layer 106. In some
embodiments, the dielectric constant of the first ILD layer
106 may be less than about 3.9. The first ILD layer 106 may
include a low dielectric constant (low-k) dielectric material.
The dielectric constant of the low-k dielectric material may
be about 2.7 to about 3.0. Suitable matenals for the low-k
dielectric material may include, but are not limited to, doped
s1licon dioxide, fluorinated silica glass (FSG), carbon-doped
s1licon dioxide, porous silicon dioxide, porous carbon-doped
silicon dioxide, Xerogel, Aerogel, amorphous fluorinated
carbon, Parylene, bis-benxocyclocutenes (BCB), polyimide,
polynoroboneses, benzocyclocutene, PTFE, hydrogen sils-
esquioxane (HSQ), methylsilsesquioxane (MSQ), and/or
combinations thereof. The low-k dielectric material may be
deposited by a chemical vapor deposition (CVD), plasma
enhanced CVD (PECVD), or spin-on process. In some
embodiments, a tensile S1N contact etch stop layer 1s depos-
ited before the formation of the first ILD layer.

After the formation of the first ILD layer 106, a layer of
photoresist (PR) 1s applied to the top surface of the first ILD
layer 106, and the PR 1s patterned using, for example,
suitable lithography processes. An etching process 1s per-
formed to the first ILD layer 106 using the patterned PR as
an etching mask, resulting 1n a first gate contact hole 116
over the gate electrode 110 and a first S/D contact hole 118
over the epitaxial S/D feature 114. The etching process may
utilize a directional, or anisotropic, etching techmque con-
figured to etch vertically through the first ILD layer 106 with
minimal lateral etching. In some embodiments, the etching
process 1ncludes dry etching, wet etchung, reactive 1on
ctching RIE, or combinations thereof. Furthermore, the
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ctching process may use any suitable etch chemistry or
combination thereof. In some embodiments, the etching
process 1s a selective etching process that etches the ILD
layer 106 1n a faster rate than the gate electrode 110 and/or
epitaxial S/D features 114. For example, fluorine-containing
gas, such as CF,, CH,F,, or C F, 1s used as the etchant to
selectively etch the first ILD layer 106. In order to achieve
a proper etch profile and selectivity, the anisotropic plasma
ctch may include multiple etch portions, such as a main etch,
an over etch and a post etch treatment. In the 1illustrated
embodiments, the dry etch creates holes with substantially
vertical profiles that stop at the top surfaces of the gate
structures 104 and the epitaxial S/D feature 114.

Thereafter, a first gate via 124 and a first S/D via 126 are
respectively formed in the first gate contact hole 116 and the
first S/D contact hole 118 using a suitable deposition tech-
nique prior to the formation of a second gate contact hole
120 and a second S/D contact hole 122. In some embodi-
ments, the first gate via 124 and the first S/D via 126 can be
formed by depositing a metal layer 1n the first gate contact
hole 116 and the first S/D contact hole 118, followed by
performing a CMP process to remove excess metal outside
the holes 116 and 118. In some embodiments, the metal layer
may include aluminum (Al), tungsten (W), cobalt (Co),
copper (Cu), or combinations thereof, and may be deposited
by CVD, PVD, plating, and/or other suitable processes. The
first gate via 124 1s 1n electrically coupled to the underlying
gate structure 104, and the first S/D via 126 1s electrically
coupled to the underlying epitaxial S/D feature 114. The first
gate via 124 and the first S/D via 126 can be referred to as
clectrical vias 1n this context.

After the formation of the first gate via 124 and the first
S/D via 126, an etching process can be performed to the first
ILD layer 106 by using another PR layer, so as to form a
second gate contact hole 120 over the gate electrode 110 and
a second S/D contact hole 122 over the S/D feature 114. In
some embodiments, the first gate contact hole 116 and the
second gate contact hole 120 are above the same gate
structure 104, and the first S/D contact hole 118 and the
second S/D contact hole 122 are above the same epitaxial
S/D feature 114.

Then, a second gate via 128 and a second S/D via 130 are
respectively formed 1n the second gate contact hole 120 and
the second S/D contact hole 122, such that the second gate
via 128 and the second S/D via 130 are through the first
dielectric layer 106. In some embodiments, since the first
gate via 124 and the second gate via 128 are through the
same ILD layer, the first gate via 124 and the second gate via
128 may have substantially the same height. In some
embodiments, since the first S/D via 126 and the second S/D
via 130 are through the same ILD layer, the first S/D via 126
and the second S/D via 130 may have substantially the same
height. In some embodiments, the second gate via 128 and
the second S/D via 130 can be formed by, for example,
depositing a thermally-conductive material in the second
gate contact hole 120 and the second S/D contact hole 122,
tollowed by performing a CMP process to remove excess
thermally-conductive material outside the holes 120 and
122. The second gate via 128 can dissipate heat from the
underlying gate electrode 110, and the second S/D via 130
can dissipate heat from the underlying S/D features 114. The
second gate via 128 and second S/D via 130 can be referred
to as thermal vias that are respectively thermally coupled to
the gate electrode 110 and the source/drain region 114 1n this
context.

In some embodiments, the thermal vias 128 and 130 have
a diameter 1n a range from about 20 nm to about 200 nm. In
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some embodiments, the thermal wvias 128 and 130 are
separated by a spacing 1n a range from about 20 nm to about
1 um. If the dimension (e.g., the diameter or the spacing)
above 1s out of the selected range, the complexity of the
process might increase. In some embodiments, example
materials of the thermal vias 128 and 130 may include
diamond, aluminum nitride (AIN), diamond-like-carbon
(DLC), beryllium oxide (BeO), aluminum oxide (Al,O,),
magnesium oxide (MgQ), and boron nitride (BN), or com-
binations thereof. Such materials of the thermal vias 128 and
130 may have a thermal conductivity greater than silicon or
silicon oxide. For example, thermal conductivities of silicon
and silicon oxide are respectively about 148 W/m-K and
about 1.4 W/m-K, and thermal conductivities of diamond,
AIN, and BeO are respectively about 2000 W/m-K, about
285 W/m-K, and about 330 W/m-K. As a result, i1n some
embodiments where the first ILD layer 106 1s made of
silicon oxide, the thermal vias 128 and 130 have higher
thermal conductivities than that of the first ILD layer 106, so
as to dissipate heat from the underlying gate electrode 110
and source/drain regions 104.

Furthermore, the material of the thermal vias 128 and 130
may have coeflicient of thermal expansion (CTE) less than
that of metal, such as copper (Cu). For example, CTE of Cu
1s about 18 (ppm/K), and CTEs of diamond, AIN, and BeO
are respectively about 1.0 ppm/K, about 5.3 ppm/K, and
from about 7.4 ppm/K to about 8.9 ppm/K. As a result,
concern about CTE mismatch between ILD and vias can be
cased, so that the via density can be increased. In some
embodiments, the thermal vias 128 and 130 having reduced
CTEs as compared to copper may have a thermal conduc-
tivity less than that of copper. For example, when the
thermal vias 128 and 130 are made of AIN (having thermal
conductivity of about 285 W/m-k) or BeO (having thermal
conductivity of about 330 W/m-K), the thermal conductivi-
ties of the thermal vias 128 and 130 are less than the thermal
conductivity of copper (about 401 W/m-'K). In some
embodiments, when the thermal vias 128 and 130 are made
of diamond (having thermal conductivity of about 2000
W/m-K), the thermal conductivities of the thermal vias 128
and 130 are greater than the thermal conductivity of copper
(about 401 W/m-K).

In some embodiments where the first gate via 124 and the
first S/D via 126 are made of metal (e.g., Cu, Al, or W), the
thermal vias 128 and 130 have CTEs less than that of the first
gate via 124 and the first S/D via 126, which 1n turn will be
advantageous for improving via density 1n the first ILD layer
106.

In some embodiments, either the first gate via 124 or the
first S/D via 126 has an electrical conductance higher than
an electrical conductance of the thermal via 128 or 130 (i.e.
the thermal vias 128 and 130 have electrical resistances
higher than electrical resistances of the first gate via 124 and
the first S/D via 126). For example, the first gate via 124 has
an electrical conductance higher than an electrical conduc-
tance of the thermal via 128, and the first S/D via 126 has
an electrical conductance higher than an electrical conduc-
tance of the thermal via 130 (i.e., the thermal via 128 has an
clectrical resistance higher than an electrical resistance of
the first gate via 124, and the thermal via 130 has an
clectrical resistance higher than an electrical resistance of
the first S/D via 126). In some embodiments, the thermal
vias 128 and 130 are dielectric. In some embodiments where
the first ILD layer 106 1s made of silicon oxide, the thermal
vias 128 and 130 have thermal conductivities greater than
that of the first ILD layer 106, which i turn will be

advantageous for dissipating heat from transistors.
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After the formation of the thermal vias 128 and 130, a
second ILD layer 132 and metal lines 136 are formed above
the first ILD layer 106, the electrical vias 124, 126 and the
thermal vias 128 and 130. In some embodiments, the second
ILD layer 132 may include a low-k dielectric material which
may have the dielectric constant in a range from about 2.7
to about 3.0. The second ILD layer 132 may be deposited by
a chemical vapor deposition (CVD), plasma enhanced CVD
(PECVD), or spin-on process. The metal lines 136 may
include aluminum (Al), tungsten (W), cobalt (Co), copper
(Cu), or combinations thereof.

In some embodiments, formation of the second ILD layer
132 and the metal lines 136 includes, for example, blanket
forming a metal layer over the first ILD layer 106, patterning
the metal layer to form the metal lines 136 using suitable
lithography and etching techniques, depositing the second
ILD layer 132 over and among the metal lines 136, and
performing a CMP process to the second ILD layer 132 until
the metal lines 136 are exposed. In alternative embodiments,
formation of the second ILD layer 132 and the metal lines
136 includes, for example, blanket forming the second ILD
layer 132 over the first ILD layer 106, forming trenches 134
in the second ILD layer 132 using suitable lithography and
ctching techmiques, filling the trenches 134 with a metal
layer, and performing a CMP process to remove a portion of
the metal layer outside the trenches 134, while remaining,
portions of the metal layer in the trenches 134 to serve as the
metal lines 136.

Reference 1s made to FIG. 3. A third ILD layer 138 1s
formed over the second ILD layer 132 and the metal lines
136. In some embodiments, the third ILD layer 138 may
include a low-k dielectric material which may have the
dielectric constant in a range from about 2.7 to about 3.0.
The third ILD layer 138 may be deposited by a chemical
vapor deposition (CVD), plasma enhanced CVD (PECVD),
or spin-on process. Alter the formation of the third ILD layer
138, the second ILD layer 132 and the metal lines 136 are
covered by the third ILD layer 138.

Reference 1s made to FIG. 4. Via holes 140A, 140B, and
140C are formed 1n the third ILD layer 138 by any suitable
process. For example, the formation of the via holes 140A,
140B, and 140C may include patterning the third ILD layer
138 by photolithography and etching processes. The etching
process may be performed by using a dry etching, wet
ctching, and/or plasma etching process, so as to remove
some portions of the third ILD layer 138. In some embodi-
ments, at least one of the via holes 140A, 140B, and 140C

1s over the corresponding metal line 136. For example, the
via holes 140 A and 140C are over the metal lines 136. Then,

a thermally-conductive layer 142 1s deposited until overtill-
ing the via holes 140A, 1408, and 140C. In some embodi-
ments, example materials of the thermally-conductive layer
142 may include diamond, aluminum nitride (AIN), dia-
mond-like-carbon (DLC), beryllium oxide (BeO), aluminum
oxide (Al,O;), magnesium oxide (MgQO), and boron nitride
(BN), or combinations thereof. Such materials of the ther-
mally-conductive layer 142 may have a thermal conductivity
greater than silicon or silicon oxide. For example, thermal
conductivities of silicon and silicon dioxide are respectively
about 148 W/m-‘K and about 1.4 W/m-K, and thermal
conductivities of diamond, AIN, and BeO are respectively

about 2000 W/m-K, about 285 W/m-K, and about 330
W/m-K.

Furthermore, the material of the thermally-conductive
layer 142 may have coetlicient of thermal expansion (CTE)
less than that of copper (Cu). For example, CTE of Cu 1s

about 18 ppm/K, and CTEs of diamond, AIN, and BeO are
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respectively about 1.0 ppm/K, about 5.3 ppm/K, and from
about 7.4 ppm/K to about 8.9 ppm/K. As a result, concemn
about CTE mismatch between IL.D and vias can be eased, so
that the via density can be increased. In some embodiments,
the thermally-conductive layer 142 having the reduced CTE
as compared to copper may have a thermal conductivity less
than that of Cu. For example, when the thermally-conduc-
tive layer 142 1s made of AIN (having thermal conductivity
of about 285 W/m'K) or BeO (having thermal conductivity
of about 330 W/m-K), the thermal conductivity of the
thermally-conductive layer 142 i1s less than the thermal
conductivity of copper (about 401 W/m-K).

Reference 1s made to FIG. 5. After the formation of the
thermally-conductive dielectric layer 142 (see FIG. 4), a
planarization process such as CMP can be performed to
remove the excess thermally-conductive dielectric layer
142, and the remained portions of the thermally-conductive
layer 142 may serve as a first thermal via 144 within the via
hole 140A, a second thermal via 146 within the via hole
140B, and a third thermal via 148 within the via hole 140C.
By the planarization process, top surfaces of the {irst,
second, and the third thermal vias 144, 146, 148 are sub-
stantially level with a top surface of the third ILD layer 138.
In some embodiments, each of the first, second, and third
thermal vias 144, 146, 148 has a diameter in a range from
about 20 nm to about 200 nm. In some embodiments, the
first, second, and third thermal wvias 144, 146, 148 are
separated by a spacing 1n a range from about 20 nm to about
1 um. If the diameter and the spacing are out of the selected
ranges as described above, the complexity of formation the
thermal vias 144, 146 and 148 might increase. Next, a fourth
ILD layer 150 1s formed over the third ILD layer 138, the
first, second, and the third thermal vias 144, 146, 148. In
some embodiments, the fourth ILD layer 150 may include a
low-k dielectric material which may have the dielectric
constant 1n a range from about 2.7 to about 3.0. The fourth
ILD layer 150 may be deposited by a chemical vapor
deposition (CVD), plasma enhanced CVD (PECVD), or
spin-on process. After the formation of the fourth ILD layer
150, the first, second, and the third thermal vias 144, 146,
148 are covered by the fourth ILD layer 150.

Reference 1s made to FIGS. 6 and 7. A dual damascene
process 1s performed to form via holes 151v 1n the third ILD
layer 138 and trenches 1517 1n the fourth ILD layer 150 and
over the corresponding via holes 151v. The dual damascene
process 1s performed aifter the formation of the third thermal
vias 144, 146, 148. In greater detail, forming the via holes
151v and the trenches 151¢ 1s performed after forming of the
third thermal vias 144, 146, 148. The metal lines 136 are
exposed at bottom of respective via holes 151v. Then, a
metal layer 1s formed 1n the trenches 1517 and via holes 151v
to land on the metal lines 136. In some embodiments, the
metal layer may be formed by CVD, PVD, plating, and/or
other suitable processes. Afterwards, a planarization process
such as CMP can be performed to remove the excess metal
layer, while leaving a plurality of electrical vias 152 in the
third ILD layer 138 and a plurality of metal lines 154 in the
fourth ILD layer 150. In some embodiments, the electrical
vias 152 are surrounded by the third ILD layer 138. In some
embodiments, the metal lines 154 are surrounded by the
fourth ILD layer 150. In some embodiments, example
materials of the electrical vias 152 and the metal lines 154
may include aluminum (Al), tungsten (W), cobalt (Co),
copper (Cu), or combinations thereof. In some embodi-
ments, the structure above the first ILD layer 106 can be
referred to as a back-end-of line (BEOL) structure. For
example, the BEOL structure includes the second ILD layer
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132, the metal lines 136 in the second ILD layer 132, the
third ILD layer 138 over the second ILD layer 132, the
thermal vias 144, 146, 148 and electrical vias 152 1n the thlrd
ILD layer 138, the fourth ILD layer 150, and the metal lines
154 1n the fourth ILD layer 150. In some embodiments, at
least one of the electrical vias 152 has an electrical conduc-
tance higher than an electrical conductance of at least one of
the thermal vias 144, 146, 148 (i.c., at least one of the
thermal vias 144, 146, 148 has an electrical resistance higher
than an electrical resistance of at least one of the electrical
vias 152). For example, the thermal vias 144, 146 and 146
are dielectric.

FIG. 8 1s a graph plotting thermal resistance versus
thermal via density according to some embodiments of the
present disclosure, 1n which the horizontal axis represents a
thermal via density (1n percentage) in the BEOL structure
having BeO thermal vias, and the vertical axis represent a
thermal resistance (in k/uw). FIG. 8 shows that the thermal
via density 1s 1 negative correlation with the thermal
resistance. That 1s, the thermal resistance decreases as the
thermal via density increases. FIG. 9 1s a graph plotting
junction temperature versus thermal via density according to
some embodiments of the present disclosure, in which the
horizontal axis represents a thermal via density (in percent-
age) 1 a semiconductor device (e.g., FinFETs with four
fins), and the vertical axis represent a junction temperature
(in © C.). FIG. 9 shows that the thermal via density 1s 1n
negative correlation with the junction temperature. That 1s,
the junction temperature decreases as the thermal via density
increases. As 1llustrated 1in FIGS. 8 and 9, increased thermal
via density will result 1n lowered thermal resistance and/or
lowered junction temperature. Moreover, because the ther-
mal vias made of electrically-non-conductive matenals (e.g.,

diamond, MN, and/or BeO) have lower CTE as compared to
clectrical vias made of metal, the concern about CTE
mismatch between ILD and vias can be eased, which in turn
results 1n increased via density. As a result, forming thermal
vias using the materials, such as diamond, MN, and/or BeO,
1s advantageous for lowering the thermal resistance and/or
junction temperature.

FIG. 10 1s a flowchart of a method for manufacturing a
semiconductor device 200 1n accordance with some embodi-
ments of the present disclosure. FIGS. 11-18 illustrate a
method of forming a semiconductor device 200 1n accor-
dance with some embodiments of the present disclosure. The
method begins with block S201 1n which fins 212 are formed
on a substrate 210 (as shown in FIG. 11). The method
continues with block S202 1n which an 1solation dielectric
220 1s formed 1n a trench T between fins 212 (as shown 1n
FIGS. 12 and 13). The method continues with block S203 1n
which a dummy gate structure 230 1s formed to wrap around
the fins 212 (as shown in FIG. 14). The method continues
with block S204 in which epitaxial source/drain (S/D)
teatures 240 1s formed on the fins 212 and an ILD layer 242
1s formed over the epitaxial S/D features 240 (as shown 1n
FIG. 15). The method continues with block S205 in which
the dummy gate structure 236 1s replaced with a replacement
gate structure 250 (as shown in FIG. 16). The method
continues with block S206 in which source/drain contact
holes 259 are formed 1n the ILD layer 242 to expose the
epitaxial source/drain features 240 (as shown in FIG. 17).
The method continues with block S207 in which silicide
layers 260 are formed over the epitaxial S/D features 240
and S/D contacts 262 are formed on the silicide layers 260
(as shown 1 FIGS. 17 and 18). The method continues with
block S208 1n which a gate contact 252 1s formed on the
replacement gate structure 250, a gate via 266 1s formed on
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the gate contact 252, and S/D vias 268 are formed on the S/D
contacts 262 (as shown i FIG. 19).

Reference 1s made to FIG. 11. A series of deposition and
photolithography processes are performed to form a plural-
ity of fins 212 on a substrate 210. The fins 212 are separated
by trenches T. In some embodiments, the substrate 210 1s a
semiconductor substrate, such as a bulk semiconductor, a
semiconductor-on-insulator (SOI) substrate, or the like.
Generally, an SOI substrate comprises a layer of a semicon-
ductor material formed on an insulator layer. The 1nsulator
layer may be, for example, a buried oxide (BOX) layer, a
silicon oxide layer, or the like. The insulator layer 1s pro-
vided on a substrate, a silicon or glass substrate. Other
substrates, such as a multi-layered or gradient substrate may
also be used. In some embodiments, the semiconductor
material of the substrate 210 may include silicon; germa-
nium; a compound semiconductor including silicon carbide,
gallium arsenic, gallium phosphide, indium phosphide,
indium arsenide, and/or imndium antimonide; an alloy semi-

conductor including S1Ge, GaAsP, AllnAs, AlGaAs, Gal-
nAs, GalnP, and/or GalnAsP; or combinations thereof.

In some embodiments, the fins may be patterned by any
suitable method. For example, the fins may be patterned
using one or more photolithography processes, ncluding
double-patterning or multi-patterning processes. Generally,
double-patterning or multi-patterning processes combine
photolithography and self-aligned processes, allowing pat-
terns to be created that have, for example, pitches smaller
than what 1s otherwise obtainable using a single, direct
photolithography process. For example, 1n one embodiment,
a sacrificial layer 1s formed over a substrate and patterned
using a photolithography process. Spacers are formed along-
side the patterned sacrificial layer using a self-aligned pro-
cess. The sacrificial layer 1s then removed, and the remaining
spacers may then be used to pattern the fins.

Reference 1s made to FIG. 12. An 1solation dielectric 220
1s formed to overfill the trenches T and cover the fins 212
(see FIG. 11). In some embodiments, the 1solation dielectric
220 1s made of a thermally-conductive and electrically-non-
conductive material. Example maternials of the isolation
dielectric 220 include diamond, aluminum nitride (AIN),
diamond-like-carbon (DLC), beryllium oxide (BeQO), alumi-
num oxide (Al,O,), magnesium oxide (MgQO), and boron
nitride (BN), or combinations thereof, and may be formed
by CVD, PVD, and/or other suitable processes. In some
embodiments, example materials of the 1solation dielectric
220 include other insulating materials.

Thereatter, a planarization process such as CMP 1s per-
formed to remove the excess 1solation dielectric 220 over the
fins 212. Next, the 1solation dielectric 220 1s recessed, for
example, through an etch back process, wherein diluted HF,
S1CoN1 (including HF and NH,), or the like, may be used as
the etchant. The resulting structure 1s shown i FIG. 13.
After recessing the 1solation dielectric 220, some portions of
the fins 212 are higher than a top surface of the 1solation
dielectric 220. The resulting 1solation dielectric 220 1n the
trenches T can be referred to as a shallow trench 1solation
(STI) structure.

Reference 1s made to FIG. 14. A gate dielectric layer 232,
a dummy gate electrode layer 234, and at least one pair of
spacers 236 are formed over the fins 212. In some embodi-
ment, a gate dielectric layer 1s blanket formed over the
substrate 210 to cover the fins 212 and the 1solation dielec-
tric 220, and a dummy gate electrode layer i1s formed over
the gate dielectric layer. After forming the gate dielectric
layer and the dummy gate electrode layer, one or more
etching processes are performed to form a dummy gate
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structures 230 wrapping around the fins 212 using an etching
mask, and the etching mask can be removed after the
ctching. The dummy gate structure 230 includes a gate
dielectric layer 232 and a dummy gate electrode layer 234
over the gate dielectric layer 232. The dummy gate structure
230 has a substantially parallel longitudinal axis that is
substantially perpendicular to a longitudinal axis of at least
one of the fins 212. The dummy gate structure 230 will be
replaced with a replacement gate structure using a “gate-
last” or replacement-gate process.

In some embodiments, the gate dielectric layer 232 1s
made of high-k dielectric materials, such as metal oxides,
transition metal-oxides, or the like. Examples of the high-k
dielectric material include, but are not limited to, hatnium
oxide (H1O,), hatnium silicon oxide (H1S10), hainium tan-
talum oxide (HiTaO), hainium titanium oxide (HIT10),
hatnium zirconium oxide (HiZrO), zirconium oxide, tita-
nium oxide, aluminum oxide, hatnium dioxide-alumina
(H1O,—Al,0;) alloy, or other applicable dielectric materi-
als. In some embodiments, the gate dielectric layer 232 1s an
oxide layer. The gate dielectric layer 232 may be formed by
a deposition processes, such as chemical vapor deposition
(CVD), physical vapor deposition (PVD), atomic layer
deposition (ALD), plasma enhanced CVD (PECVD) or
other suitable techmques.

In some embodiments, the dummy gate electrode layer
234 may include polycrystalline-silicon (poly-S1), poly-
crystalline  silicon-germanium  (poly-SiGe), metallic
nitrides, metallic silicides, metallic oxides, or metals. In
some embodiments, the dummy gate electrode layer 234
includes a metal-containing material such as TiN, TaN, TaC,
Co, Ru, Al, combinations thereof, or multi-layers thereof.
The dummy gate electrode layer 234 may be deposited by
CVD, physical vapor deposition (PVD), sputter deposition,
or other techniques suitable for depositing conductive mate-
rials.

After forming the dummy gate structure 230, gate spacers
236 are formed along sidewalls of the dummy gate structure
230. In some embodiments, the gate spacers 236 may
include silicon oxide, silicon nitride, silicon oxynitride,
s1licon carbide, silicon carbonitride, silicon oxycarbonitride,
silicon oxycarbide, porous dielectric materials, hydrogen
doped silicon oxycarbide (S10C:H), low-k dielectric mate-
rials, or other suitable dielectric materials. The gate spacers
236 may include a single layer or multilayer structure made
of different dielectric materials. The method of forming the
gate spacers 236 includes blanket forming a dielectric layer
by using, for example, CVD, PVD or ALD, and then
performing an etching process such as anisotropic etching to
remove horizontal portions of the dielectric layer. The
remaining portions of the dielectric layer on the sidewalls of
the dummy gate structure 230 can serve as the gate spacers
236. In some embodiments, the gate spacers 236 may be
used to offset subsequently formed doped regions, such as
source/drain regions. The gate spacers 236 may further be
used for designing or modifying the source/drain region
profile.

Thereafter, portions of the fins 212 not covered by the
dummy gate structure 230 and the gate spacers 210 are
ctched. Epitaxial source/drain (S/D) features 240 are then
formed on the etched fins 212. Afterwards, an ILD layer 242
1s formed over the S/D features 240 and dummy gate
structure 230. The resulting structure 1s shown in FIG. 15. In
some embodiments, removing the portions of the fins 212
not covered by the dummy gate structure 230 and the gate
spacers 210 1s performed by suitable etching techniques. The
remaining fins 212 have channel portions wrapped around
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by the dummy gate structure 230 and S/D portions embed-
ded 1n the isolation dielectric 220. In some embodiments,
ctching the fins 212 may include a dry etching process, a wet
etching process, or combination dry and wet etching pro-
cesses. This etching process may include reactive 1on etch
(RIE) using the dummy gate structure 230 and gate spacers
236 as masks, or by any other suitable removal process.
After the etching process, a pre-cleaning process may be
performed to clean the remaining fins 212 with hydrofluoric
acid (HF) or other suitable solution 1n some embodiments.

After the formation of etching the fins 212, the epitaxial
S/D features 240 are epitaxially grown from the respective
fins 212. The epitaxial S/D features 240 may be formed
using one or more epitaxy or epitaxial (ep1) processes, such
that S1 features, S1Ge {features, silicon phosphate (SiP)
teatures, silicon carbide (S1C) features and/or other suitable
features can be formed 1n a crystalline state on the embedded
portions of the remaiming fins 212. In some embodiments,
lattice constants of the epitaxial S/D features 240 are dii-
terent from that of the remaiming fins 212, so that the channel
region between the epitaxial S/D features 240 can be
strained or stressed by the epitaxial S/D features 240 to
improve carrier mobility of the semiconductor device and
enhance the device performance.

In some embodiments, the epitaxy process includes CVD
deposition techniques (e.g., vapor-phase epitaxy (VPE) and/
or ultra-high vacuum CVD (UHV-CVD)), molecular beam
epitaxy, and/or other suitable processes. The epitaxy process
may use gaseous and/or liquid precursors, which imteract
with the composition of the fins 212 (e.g., silicon, silicon
germanium, silicon phosphate, or the like). The epitaxial
S/D features 240 may be in-situ doped. The doping species
include p-type dopants, such as boron or BF,; n-type dop-
ants, such as phosphorus or arsenic; and/or other suitable
dopants including combinations thereof. If the epitaxial S/D
teatures 240 are not 1n-situ doped, an implantation process
1s performed to dope the epitaxial S/D features 240. One or
more annealing processes may be performed to activate the
epitaxial S/D features 240. The annealing processes include
rapid thermal annealing (RTA) and/or laser annealing pro-
CEeSSes.

After the epitaxial S/D features 240 are formed, the ILD
layer 242 1s formed over the epitaxial S/D features 240. In
some embodiments, the ILD layer 242 1s made of a different
material than the dielectric cover layer and 1s made of, for
example, one or more layers of silicon oxide, S1ICN, S1OCN
or a low-k material. Formation of the ILD layer 242 includes
depositing the ILD layer 242 over the dummy gate structure
230, followed by planarizing the ILD layer 242 until the
dummy gate structure 230 1s exposed.

Thereafter, the dummy gate electrode layer 234 1s
removed to form a gate trench with the gate spacers 236 as
its sidewalls, and a gate structure 250 1s formed in the gate
trench, and then a selective etch process 1s performed to etch
back the gate structure 250. Afterwards, a dielectric cap 252
1s formed over the etched back gate structure 250. The
resulting structure 1s i1llustrated i FIG. 16. In some embodi-
ments, the dummy gate electrode layer 234 1s removed by an
approprate etching process, and the gate dielectric layer 232
remains between the gate spacers 236. In some other
embodiments, the gate dielectric layer 232 1s removed and
replaced with a high-k dielectric layer.

An exemplary method of forming the gate structure 250
may include blanket forming one or more work function
metal layers over the gate dielectric layer 232, forming a fill
metal layer over the one or more work function metal layers,
and performing a CMP process to remove excessive mate-
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rials of the fill metal layer and the one or more work function
metal layers outside the gate trench. As a result of this
method, the gate structure 250 may include one or more
work function metal layers and a fill metal wrapped around
by the one or more work function metal layers.

In some embodiments, example materials of the one or
more work function metal layers may include one or more
n-type work function metals (N-metal) for forming an n-type
transistor on the substrate 210. The n-type work function
metals may exemplarily include, but are not limited to,
titanium aluminide (Ti1Al), titanium alumimum nitride
(T1AIN), carbo-nitride tantalum (TaCN), hatnium (HY), zir-
conium (Zr), titanium (11), tantalum (Ta), aluminum (Al),
metal carbides (e.g., hainium carbide (HiC), zirconium
carbide (ZrC), titanium carbide (T1C), aluminum carbide
(AlC)), aluminides, and/or other suitable matenials. In alter-
native embodiments, example materials of the one or more
work function metal layers may include one or more p-type
work function metals (P-metal) for forming a p-type tran-
sistor on the substrate 210. The p-type work function metals
may exemplarily include, but are not limited to, titanium
nitride (TiN), tungsten nitride (WN), tungsten (W), ruthe-
nium (Ru), palladium (Pd), platinum (Pt), cobalt (Co), nickel
(N1), conductive metal oxides, and/or other suitable mate-
rials. In some embodiments, example materials of the fill
metal may include, but are not limited to, tungsten, alumi-
num, copper, nickel, cobalt, titanium, tantalum, titanium
nitride, tantalum nitride, nickel silicide, cobalt silicide, TaC,
TaSiN, TaCN, TiAl, TiAIN, or other suitable maternals.

Reference 1s made to FIG. 17. Source/drain contact holes
259 are etched 1n the ILD layer 242 to expose the epitaxial
S/D features 240, and then a metal alloy layer 260 1s formed
in the contact holes 259 and over the epitaxial S/D features
240. The metal alloy layer 260 1s an alloy made of one or
more Group IV element and one or more transition metal
clements. When the epitaxial S/D features 240 are formed by
s1licon, the metal alloy layer 260 1s a silicide layer. When the
epitaxial S/D features 240 are formed by germanium, the
metal alloy layer 260 1s a germanide layer. When the
epitaxial S/D features 240 are formed by SiGe, the metal
alloy layer 260 1s a silicide-germanide layer. The transition
metal includes one or more of T1, Ta, N1 and Co. The metal
alloy layer 260 1s one or more of Ti1S1, TaS1, Ni1S1, CoSi,
T1S1Ge, TaS1Ge, Ni1S1Ge and CoS1Ge.

After the contact holes 259 are etched 1n the ILD layer
242, transition metal 1s deposited by, for example, CVD,
ALD or PVD, on the epitaxial S/D features 240. During the
deposition, the deposited transition metal reacts with Si
and/or Ge 1n the epitaxial S/D features 240, thereby forming
the alloy layer 260 in some embodiments. In some embodi-
ments, silicide (alloy) layer can be formed by PECVD,
CVD, PEALD, or ALD metal, and then an in-situ dry
etching using Cl or F based gas or ex-situ wet selective
ctching 1s applied to remove the remaining metal on spacer
and the 1solation msulating layer. In other embodiments, the
silicide (alloy) layer can be formed by PECVD, CVD,
PEALD, or ALD. In certain embodiments, a nitridation
treatment 1s later performed to passivate silicide surface for
the subsequent silicide formation anneal. In other embodi-
ments, a selective silicide deposition process through sur-
tace blocking by self-assembly molecular (SAMs), or inher-
ent selective formation from proper metal and silicon
precursors 1s performed. Other suitable silicide formation
processes may be utilized. In some embodiments, after a
transition metal layer 1s formed on the epitaxial S/D features
240, an annealing operation 1s performed to form the metal
alloy layer 260.
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Reference 1s made to FIG. 18. S/D contacts 262 are
formed over the metal alloy layer 260. In some embodi-
ments, aiter the metal alloy layer 260 1s formed, a contact-
etch stop layer (CESL) 1s formed to cover the metal alloy
layer 260. The CESL 1s made of a silicon nitride based
material, such as SiN, S1ON or the like. In some embodi-
ments, example materials of the S/D contacts 262 include,
but are not limited to, T1, TiN, TaN, Co, Ru, Pt, W, Al, Cu,
or combinations thereof.

Afterwards, a gate contact 264 1s formed in the dielectric
cap 252 and over the gate structure 250 using suitable
lithography, etching and deposition techniques. Thereafter,
another ILD layer 246 1s formed over the S/D contacts 262
and the gate contact 264, and a gate via 266 and S/D vias 268
are formed 1n the ILD layer 246 and respectively over the
gate contact 264 and the S/D contacts 262. The resulting
structure 1s illustrated 1n FIG. 19. Example matenals of the
gate contact 264, the gate via 266 and the S/D vias 268
include, but are not limited to, T1, TiN, TaN, Co, Ru, Pt, W,
Al, Cu. Example materials of the ILD layer 246 include, but
are not limited to, silicon oxide, S1ICN, S1OCN or a low-k
materal.

A semiconductor device as illustrated 1n FIG. 19 includ-
ing the fins 212 can be referred to as a multi-channel
semiconductor device. A region between the fins 212 of the
multi-channel semiconductor device can be referred to as an
inter-channel region of the multi-channel semiconductor
device. As illustrated 1n FIG. 19, the inter-channel region 1s
filled with the 1solation dielectric 220. Since the 1solation
dielectric 220 within the inter-channel region of the multi-
channel semiconductor device has a thermal conductivity
greater than silicon oxide, a junction temperature (17) of
cach of the fins 212 of the multi-channel semiconductor
device may decrease. In some embodiments where the ILD
layer 242 and/or ILD layer 246 are made of silicon oxide, the
thermal conductivity of the 1solation dielectric 220 1s greater
than a thermal conductivity of the ILD layer 242 and/or a
thermal conductivity of the ILD layer 246. Furthermore, a
region outside the semiconductor device 200 can be referred
to as an inter-device region. That 1s, the inter-device region
1s between the four fins 212 and other fins of other multi-
channel semiconductor devices. In some embodiments, 1n
the resulting structure depicted in FIG. 19, the fins 212 may
be designed to have a fin height 1n a range from 35 nm to 55
nm, a {in width 1n a range from 5 nm to 15 nm, and a {in pitch
in a range from 25 nm to 60 nm, and a gate length formed
by the fins 212 and the gate structure 250 1s 1n a range from
14 nm to 30 nm. Furthermore, 1n some embodiments, more
than one gate via 1s formed in the dielectric cap 252, and
these gate vias are arranged by a contacted poly pitch (CPP)
in a range from 40 nm to 90 nm. If the dimension (e.g., fin
height, the fin width, the fin pitch, the gate length, or the
CPP) above 1s out of the selected range, the complexity of
the process might increase and the performance of the
semiconductor device might be afiected as well.

FIG. 20 1s a graph plotting junction temperature versus
line along fin pitch according to some embodiments of the
present disclosure, in which the horizontal axis represents an
along-fin pitch (in um), and the vertical axis represent a

60 junction temperature (in ° C.). In the graph illustrated 1n

65

FIG. 20, temperature distribution of a semiconductor device
including an isolation dielectric made of silicon oxide 1s
labeled as a curve C1, temperature distribution of a semi-
conductor device including an 1solation dielectric made of
BeO 1s labeled as a curve C2, and temperature distribution
ol a semiconductor device including an i1solation dielectric
made of diamond 1s labeled as a curve C3. As 1llustrated in
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FIG. 20, the temperature vanation (as shown by curve C2)
ol a semiconductor device having the BeO STI 1s lower than
the temperature variation (as shown by curve C1) of a
semiconductor device having the silicon oxide STI, and the
temperature variation (as shown by curve C3) of a semi-
conductor device having the diamond STI 1s lower than the
temperature variation (as shown by curve C1) of a semi-
conductor device having the silicon oxide STI as well.
Theretfore, forming the STI using diamond and/or BeO will
improve temperature uniformity in the multi-channel semi-
conductor device.

FIGS. 21-26 illustrate a method of forming a semicon-
ductor device 300 1n accordance with some embodiments of
the present disclosure. Many aspects of the method of
forming the semiconductor device 300 are the same as or
similar to those of the method of forming the semiconductor
device 200 as depicted in FIGS. 11-19, and thus the detailed
explanation may be omitted.

Reference 1s made to FIGS. 21 and 22. A plurality of fins
312 are formed on the substrate 310, using suitable method
as discussed previously with respect to the fins 212 and
substrate 210 depicted in FIG. 11. Then, a first 1solation
dielectric 320 1s formed to overtill the trenches T between
the fins 312. In some embodiments, the 1solation dielectric
320 1s made of a thermally-conductive material. Example
materials of the first 1solation dielectric 320 include dia-
mond, alummum mnitride (AIN), diamond-like-carbon
(DLC), beryllium oxide (BeO), aluminum oxide (Al,O,),
magnesium oxide (MgQ), and boron nitride (BN), or com-
binations thereof, and may be formed by CVD, PVD, and/or
other suitable processes.

Reference 1s made to FIG. 23. A portion of the first
1solation dielectric 320 1s removed using suitable lithogra-
phy and etching techmques, and another portion of the first
isolation dielectric 320 remains covering the fins 312. The
first 1solation dielectric 320 remains 1n an inter-channel
region (or intra-device region) R1 between the fins 312, and
an nter-device region R2 outside the inter-channel region
R2 1s free from coverage by the first 1solation dielectric 320.

Reference 1s made to FIG. 24. A second 1solation dielec-
tric 322 1s formed on the substrate 310 and around the first
1solation dielectric 320. Stated differently, the second 1sola-
tion dielectric 322 1s formed on the inter-device region R2
outside the inter-channel region R1. In some embodiments,
the second 1solation dielectric 322 1s made of a different
material than the first 1solation dielectric 320. In some
embodiments, example materials of the second 1solation
dielectric 322 includes silicon oxide, low-k dielectric mate-
rials, the like or combinations thereof. In some embodi-
ments, formation of the second isolation dielectric 322
includes depositing the second 1solation dielectric 322 on the
substrate 310 and performing a planarization process until
the first 1solation dielectric 322 1s exposed.

Reference 1s made to FIG. 25, the first and second
1solation dielectrics 320, 322 are etched back to expose the
fins 312 using a non-selective etching process as example,
such that the fins 312 protrude from the first and second
1solation dielectrics 320 and 322. The resulting first 1solation
dielectric 320 can be referred to as an inter-channel STI or
intra-device STI, and the resulting second 1solation dielec-
tric 322 can be referred to as an inter-device STI.

Afterwards, a gate dielectric layer 332, gate spacers 336,
a gate structure 350, a dielectric cap 332, epitaxial S/D
teatures 340, ILD layers 342 and 346, a silicide layer 360,
S/D contacts 362, at least one gate contact 364, at least one
gate via 366, and S/D vias 368 are formed on the substrate
310 using suitable processes as discussed previously with
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respect to FIGS. 14-19. The resulting structure 1s depicted in
FIG. 26. In some embodiments, the gate structure 350 is
formed across a boundary between the first and 1solation
dielectrics 320 and 322. As shown 1n FIG. 26, since the first
1solation dielectric 320 1s within the inter-channel region
where the fins 312 are located, reduced temperature difler-
ence among the fins 312 1s achieved.

Based on the above discussions, it can be seen that the
present disclosure oflers advantages. It 1s understood, how-
ever, that other embodiments may offer additional advan-
tages, and not all advantages are necessarily disclosed
herein, and that no particular advantage 1s required for all
embodiments. One advantage 1s that thermal via 1s formed
on a non-insulator structure (e.g., gate electrode, epitaxial
S/D feature, or metal line) of semiconductor device using the
thermally-conductive materials, such as diamond, AIN, and/
or BeO, and thus can reduce the thermal resistance and/or
junction temperature. Another advantage 1s that concern
about CTE mismatch between ILD and vias can be eased
because the thermal vias have lower CTE than electrical vias
(e.g., Cu vias), and thus the via density can be increased. Yet
another advantage 1s that the ST1 1s formed using thermally-
conductive material having a thermal conductivity higher
than one hundred times the thermal conductivity of silicon
oxide, which 1n turn improves temperature umiformity in a
front-end-of-line (FEOL) structure having multiple semi-
conductor {ins.

According to various embodiments of the present disclo-
sure, a device includes plural semiconductor fins, a gate
structure, an interlayer dielectric (ILD) layer, and an 1sola-
tion dielectric. The gate structure 1s across the semiconduc-
tor fins. The ILD surrounds the gate structure. The 1solation
dielectric 1s at least between the semiconductor fins and has
a thermal conductivity greater than a thermal conductivity of
the ILD layer.

According to various embodiments of the present disclo-
sure, a device 1ncludes semiconductor fins, a first 1solation
dielectric, a second 1solation dielectric, and a gate structure.
The first 1solation dielectric 1s at least between the semicon-
ductor fins. The second isolation dielectric surrounds the
first 1solation dielectric. The first and second 1solation
dielectrics comprise different materials. A thermal conduc-
tivity of the second 1solation dielectric 1s less than a thermal
conductivity of the first 1solation dielectric. The gate struc-
ture 1s over the semiconductor fins and over the first 1solation
dielectric and the second isolation dielectric.

According to various embodiments of the present disclo-
sure, a device imncludes plural semiconductor fins, a gate
structure, an interlayer dielectric (ILD) layer, and an 1sola-
tion dielectric. The gate structure 1s over the semiconductor
fins. The ILD layer surrounds the gate structure. The 1sola-
tion dielectric 1s between the semiconductor fins. A coetli-
cient of thermal expansion (CTE) of the 1solation dielectric
1s greater than a CTE of the ILD layer.

The foregoing outlines features of several embodiments
so that those skilled 1n the art may better understand the
aspects of the present disclosure. those skilled 1n the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.
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What 1s claimed 1s:

1. A device, comprising:

a plurality of semiconductor {ins;

a gate structure across the semiconductor fins;

a first interlayer dielectric (ILD) layer surrounding the
gate structure; and

a first 1solation dielectric at least between the semicon-
ductor fins and having a thermal conductivity greater
than a thermal conductivity of the first ILD layer.

2. The device of claim 1, wherein the first 1solation

dielectric has coethicient of thermal expansion (CTE) greater

than CTE of the first ILD layer.

3. The device of claim 1, further comprising:

a second 1solation dielectric surrounding the first 1solation
dielectric, wherein the first and second 1solation dielec-
trics are made of different materals.

4. The device of claim 3, wherein the second 1solation
dielectric has a thermal conductivity less than the thermal
conductivity of the first 1solation dielectric.

5. The device of claim 3 further comprising:

a gate contact over the gate structure, wherein the gate

contact 1s directly above the second 1solation dielectric.

6. The device of claam 3, wherein top ends of the
semiconductor fins are higher than a top surface of the
second 1solation dielectric.

7. The device of claim 1, further comprising:

a plurality of source/drain features respectively over the

semiconductor fins; and

a source/drain contact over the source/drain features,
wherein the source/drain contact 1s directly above the
first 1solation dielectric.

8. The device of claim 1, further comprising:

a second ILD layer over the gate structure and the first
ILD layer, wherein the thermal conductivity of the first

1solation dielectric 1s greater than a thermal conductiv-
ity of the second ILD layer; and

a gate via m the second ILD layer and electrically
connected with the gate structure.

9. A device, comprising;

a plurality of semiconductor fins;

a first 1solation dielectric at least between the semicon-
ductor fins;

a second 1solation dielectric surrounding the first 1solation
dielectric, wherein the first and second 1solation dielec-
trics comprise different materials, and a thermal con-
ductivity of the second 1solation dielectric i1s less than
a thermal conductivity of the first 1solation dielectric;
and

a gate structure over the semiconductor fins and over the
first 1solation dielectric and the second 1solation dielec-
tric.
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10. The device of claim 9, further comprising;:

a gate contact over the gate structure, wherein the gate

contact 1s directly above the second 1solation dielectric.

11. The device of claim 9, further comprising:

a plurality of source/drain features respectively over the

semiconductor fins; and

a source/drain contact over the source/drain features,

wherein the source/drain contact 1s directly above the
first 1solation dielectric.

12. The device of claim 9, wherein at least one of the
semiconductor fins has a first sidewall and a second sidewall
shorter than the first sidewall, and the second sidewall of
said at least one of the semiconductor fins adjoins the second
isolation dielectric.

13. The device of claim 9, wherein at least one of the
semiconductor fins has a first sidewall and a second sidewall
shorter than the first sidewall, and the first sidewall of said
at least one of the semiconductor fins adjoins the first
1solation dielectric.

14. The device of claim 13, wherein the first 1solation
dielectric 1s free of extending beyond the second sidewall of
said at least one of the semiconductor fins.

15. The device of claim 9, wherein the first 1solation
dielectric has a first portion between first and second ones of
the semiconductor fins and a second portion between the
second 1solation dielectric and the first one of the semicon-
ductor {fins.

16. The device of claim 15, wherein the first portion and
the second portion of the first 1solation dielectric are sepa-
rated from each other by the first one of the semiconductor
fins.

17. A device, comprising;:

a plurality of semiconductor fins;

a gate structure over the semiconductor fins;

an interlayer dielectric (ILD) layer surrounding the gate

structure; and

a first 1solation dielectric between the semiconductor fins,

wherein a coeflicient of thermal expansion (CTE) of the
first 1solation dielectric 1s greater than a CTE of the ILD

layer.

18. The device of claim 17, wherein the first 1solation
dielectric comprises a metal-containing compound material.

19. The device of claim 17, further comprising:

a second 1solation dielectric surrounding the first 1solation
dielectric, wherein the first and second 1solation dielec-
trics are made of diflerent matenals.

20. The device of claim 17, wherein at least one of the
semiconductor fins has a first sidewall and a second sidewall
shorter than the first sidewall, at least a portion of the first
sidewall of said at least one of the semiconductor fins 1s
covered by the first 1solation dielectric, and an entirety of the
second sidewall of said at least one of the semiconductor fins
1s free from coverage by the first 1solation dielectric.
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